The exact role of a disintegrin and metalloproteinase with thrombospondin motifs-1 (ADAMTS-1) and the underlying mechanism of its involvement in tumor metastasis have not been established. We have now demonstrated that overexpression of ADAMTS-1 promotes pulmonary metastasis of TA3 mammary carcinoma and Lewis lung carcinoma cells and that a proteinase-dead mutant of ADAMTS-1 (ADAMTS-1E/Q) inhibits their metastasis, indicating that the prometastatic activity of ADAMTS-1 requires its metalloproteinase activity. Overexpression of ADAMTS-1 in these cells promoted tumor angiogenesis and invasion, shedding of the transmembrane precursors of heparin-binding epidermal growth factor (EGF) and amphiregulin (AR), and activation of the EGF receptor and ErbB-2, while overexpression of ADAMTS-1E/Q inhibited these events. Furthermore, we found that ADAMTS-1 undergoes auto-proteolytic cleavage to generate the NH 2 -and COOH-terminal cleavage fragments containing at least one thrombospondin-type-I-like motif and that overexpression of the NH 2 -terminal ADAMTS-1 fragment and the COOH-terminal ADAMTS-1 fragment can inhibit pulmonary tumor metastasis. These fragments also inhibited Erk1/2 kinase activation induced by soluble heparin-binding EGF and AR. Taken together, our results suggest that the proteolytic status of ADAMTS-1 determines its effect on tumor metastasis, and that the ADAMTS-1E/Q and the ADAMTS-1 fragments likely inhibit tumor metastasis by negatively regulating the availability and activity of soluble heparin-binding EGF and AR.
Introduction
A disintegrin and metalloproteinase with thrombospondin motifs-1 (ADAMTS-1) is a member of the family of multifunctional proteins known as ADAMTS (Porter et al., 2005) . ADAMTS-1 has a unique domain organization, being composed of the propeptide, metalloproteinase, disintegrin, and cysteine-rich (Cys-rich) domains, domains containing thrombospondin type I-like (TSP-1) motifs, and a spacer region (Kuno et al., 1997; Vazquez et al., 1999; Cal et al., 2002; Figure 1A) . There are at least 19 members of the ADAMTS family, of which ADAMTS-1 was the first to be identified. Disruption of the Adamts-1 gene in mice results in reduced growth, abnormalities in ureteral, adrenal and adipose tissues, and infertility in female mice (Shindo et al., 2000) .
ADAMTS-1 is cleaved within its spacer region by matrix metalloproteinase-2, -8, and -15 (MMP-2, -8, and -15; Rodriguez-Manzaneque et al., 2000) . There is evidence that other members of the ADAMTS family are proteolytically cleaved as well. ADAMTS-4 is auto-catalytically cleaved at two sites within the spacer/Cys-rich domain (Flannery et al., 2002) , and that ADAMTS-2 undergoes autocatalytic processing, with several fragments being generated by cleavage at the end of the spacer domain (Colige et al., 2005) .
Several studies have shown that ADAMTS-1 is capable of degrading aggrecan and versican, which are components of extracellular matrix (ECM) barriers Sandy et al., 2001; Russell et al., 2003) . However, despite this suggestive evidence of a role for ADAMTS-1 in tumor invasion and metastasis, recent studies, characterizing the expression level of ADAMTS-1 in various cancers and its role in tumor growth and metastasis, have yielded apparently contradictory results.
ADAMTS-1 has been shown to be highly upregulated in breast cancer with elevated metastatic activity (Kang et al., 2003; Minn et al., 2005) and, in pancreatic cancers, a higher ADAMTS-1 mRNA level has been found to correlated with severe lymph node metastasis or retroperitoneal invasion and a worse prognosis, even though the median expression level of ADAMTS-1 in these tumors was lower than that in the noncancerous pancreas (Masui et al., 2001) . These data suggest that ADAMTS-1 may promote tumor invasion and metastasis. In contrast, in another study (Porter et al., 2004) , ADAMTS-1 mRNA levels were found to be downregulated in breast carcinoma samples when compared to the non-neoplastic mammary tissues. However, this study did not find a strong link between ADAMTS-1 mRNA levels and the clinicopathological features of these breast cancers. ADAMTS-1 has also been shown to inhibit basic fibroblast growth factor (bFGF)-induced vascularization in the cornea pocket assay, vascular endothelial growth factor (VEGF)-induced angiogenesis in the chorioallantoic membrane assay, and tumor growth in vivo (Vazquez et al., 1999) , as likely achieved by sequestering VEGF 165 from its receptor through the carboxyl-terminal region containing the two last TSP repeats and at least part of the spacer region . The metalloproteinase activity of ADAMTS-1 is apparently required for its antiangiogenesis and antitumor growth activity . In contrast, overexpression of ADAMTS-1 has been found to promote subcutaneous growth of transfected CHO cells, but inhibit the experimental metastasis of the same transfectants (Kuno et al., 2004) . However, these studies did not investigate the cleavage status of ADAMTS-1 in their experimental models. One possibility to explain the apparently contradictory results that have been reported thus far is that the requirement of metalloproteinase activity for the antitumor effect of ADAMTS-1 may reflect the fact that the antitumor effect of ADAMTS-1 is actually produced by the cleavage fragments rather than the full-length molecule, and that the metalloproteinase is responsible for generating these fragments. ( lane 6) cells that were cultured in the absence (Fa) or presence (Fb and c) of 100 mg/ml of heparin. Supernatants were analysed directly by Western blotting with anti-v5 antibody (Fa) to assess the expression levels of the v5-tagged exogenous ADAMTS-1 variants or with anti-N-ADAMTS-1 polyclonal antibody (Fb) to detect both endogenous and exogenous ADAMTS-1 and its NH 2 -terminal variants. One set of supernatants were passed through anti-v5 antibody affinity columns to absorb the v5-tagged exogenous ADAMTS-1 variants. Equal amounts of the flowthrough proteins were analysed by Western blotting with anti-N-ADAMTS-1 antibody to detect endogenous ADAMTS-1 (Fc).
In the current study, we have investigated the effects of full-length ADAMTS-1 and its fragments on tumor growth and metastasis, and have sought to elucidate the potential mechanism(s) underlying their effects. Our results have shown that overexpression of full-length ADAMTS-1 promotes pulmonary metastasis of TA3 murine mammary carcinoma (TA3) and Lewis lung carcinoma (LLC) cells by enhancing tumor cell invasion and tumor angiogenesis. ADAMTS-1 was found to promote the shedding of two transmembrane precursors of the epidermal growth factor family that bind to heparin, amphiregulin (AR), and heparin-binding epidermal growth factor (HB-EGF), and activation of epidermal growth factor receptor (EGFR). On the contrary, overexpression of a protease-dead ADAMTS-1 mutant (ADAMTS-1E/Q) inhibited these processes, suggesting that the metalloproteinase activity is required for the prometastatic activity of ADAMTS-1. In addition, we have demonstrated that ADAMTS-1 undergoes auto-proteolytic cleavage, generating NH 2 -and COOHterminal cleavage fragments (ADAMTS-1 NTCF and ADAMTS-1 CTCF ). In contrast to the results obtained for full-length ADAMTS-1, overexpression of two fragments (the NH 2 -terminal ADAMTS-1 fragment (ADAMTS-1 NTF ) and the COOH-terminal ADAMTS-1 fragment (ADAMTS-1 CTF )) that mimic the proteolytic cleavage fragments of ADAMTS-1 inhibited pulmonary metastasis of TA3 and LLC cells by inhibiting tumor cell extravasation, proliferation, and survival and by repressing tumor angiogenesis. ADAMTS-1 NTF and ADAMTS-1 CTF were found to inhibit the activation of Erk1/2 kinase induced by soluble AR and HB-EGF. In addition, we have demonstrated that the auto-proteolytic cleavage of ADAMTS-1 is inhibited by heparin/heparan sulfate (HS), suggesting that the level of HS/heparan sulfate proteoglycans (HSPGs) in the microenvironment likely determines which form of ADAMTS-1 (full-length or cleaved) is predominantly present in the microenvironment and exerting pro-or antitumor activity. The ADAMTS-1 expressed by TA3 and LLC cells is maintained predominantly in the full-length form in vivo and therefore is able to exert its prometastatic activity. Taken together, our results suggest that the proteolytic status of ADAMTS-1 determines its effect on tumor metastasis, and that ADAMTS-1E/Q and the ADAMTS-1 fragments inhibit tumor metastasis, most likely by negatively regulating the availability and activity of soluble HB-EGF and AR.
Results
ADAMTS-1 undergoes auto-proteolytic cleavage, and the self-cleavage of ADAMTS-1 is regulated As ADAMTS-1 is an active metalloproteinase (Kuno et al., 1999) , we investigated the possibility that this molecule can be cleaved through its own metalloproteinase activity as well as by other MMPs. To this end, we generated a protease-dead mutant of ADAMTS-1 (ADAMTS-1E/Q) by substituting Q for E 386 in the zinc-binding pocket of the metalloproteinase domain, then transiently transfecting Cos-7 cells with expression constructs containing the COOH-terminal v5-tagged wild-type ADAMTS-1 or ADAMTS-1E/Q. Analysis of cell culture supernatants from the transfected cells indicated that only wild-type ADAMTS-1, and not ADAMTS-1E/Q, was cleaved to generate COOHterminal cleavage fragments that can be detected with anti-v5 antibody ( Figure 1B, arrows) , suggesting that the metalloproteinase activity of ADAMTS-1 is required for the cleavage.
We investigated how ADAMTS-1 cleavage is regulated. For this purpose, we added a variety of reagents to a stable TA3 transfectant expressing v5-epitopetagged ADAMTS-1, and then analysed the cell culture supernatants 48 h later. Our results showed that heparin and HS (100 mg/ml) blocked the proteolytic cleavage of ADAMTS-1, whereas the other glycosaminoglycans (GAGs), chondroitin sulfate and hyaluronan, had no effect ( Figure 1Ca ). In addition, treatment of the cells with EDTA (0.5 mM) significantly inhibited the cleavage, whereas addition of p-aminophenylmercuric acetate (APMA, 0.2 mM), as expected, had no significant effect, since the majority of the full-length ADAMTS-1 was already in the active form, judging by its molecular size (Figure 1Cb, arrow) . This result suggests that ADAMTS-1 cleavage is achieved through metalloproteinase activity and regulated by the rates of synthesis and degradation of HS/HSPGs in the microenvironment, in which ADAMTS-1 is produced.
We were therefore able to obtain full-length ADAMTS-1 protein by culturing transfected Cos-7 cells in the presence of heparin. The culture supernatants of the transfected cells were collected and purified through two affinity columns, as described in Materials and methods. When we tested the purified ADAMTS-1 protein in an in vitro proteolytic cleavage assay, we found that it was auto-proteolytically cleaved to release the v5-epitope-tagged COOH-terminal fragments with the molecular sizes that were similar to those of the fragments generated in cell culture ( Figure 1D , arrowhead). A lack of accumulation of the COOH-terminal cleavage fragments suggests that further proteolytic cleavage of ADAMTS-1 occurs under this assay condition. A similar auto-proteolytic cleavage of ADAMTS-4 has already been reported in vitro (Flannery et al., 2002) . It is important to consider the possibilities that the loss of the proteolytic cleavage capacity of ADAMTS-1E/Q may have resulted from a conformational change that renders the cleavage site inaccessible, and that the presence of other proteases as the minor contaminants of the purified ADAMTS-1 preparation may explain the additional proteolytic cleavage of ADAMTS-1. Further studies are required to exclude these possibilities.
Full-length ADAMTS-1 promotes pulmonary metastasis of TA3 and Lewis lung carcinoma (LLC) cells, whereas ADAMTS-1E/Q and ADAMTS-1 NTF /ADAMTS-1 CTF inhibit the process Although ADAMTS-1 has been found to inhibit angiogenesis in the cornea pocket assay and in the chorioallantoic membrane assay, and tumor growth in vivo (Vazquez et al., 1999) , it is unknown whether the molecule was present in full-length form or as the cleavage fragments in these experiments. In addition, several studies have indicated that ADAMTS-1 is highly upregulated in breast cancer with elevated metastatic capacity (Kang et al., 2003; Minn et al., 2005) , and increased expression of ADAMTS-1 is correlated to the enhanced metastatic potential and a worse prognosis in pancreatic cancers (Masui et al., 2001) , implying that ADAMTS-1 facilitates tumor metastasis. Therefore, to determine the precise roles of ADAMTS-1 and the ADAMTS-1 fragments in tumor metastasis, we investigated how overexpression of full-length ADAMTS-1, ADAMTS-1E/Q, and the fragments of ADAMTS-1 affects the metastasis of TA3 and LLC cells, both of which express endogenous ADAMTS-1 (Figures 1Eb, Fb, and 3Ab) .
As shown in Figure 1B and C, the COOH-terminal cleavage fragments of ADAMTS-1 are heterogeneous in molecular size, suggesting that, like ADAMTS-4 (Flannery et al., 2002) , ADAMTS-1 is likely cleaved at more than one site within the spacer/Cys-rich region ( Figure 1A , arrows). This hypothesis was supported by Western blot analysis of the expressed v5-tagged COOH-terminal fragment of ADAMTS-1 that contains the last two TSP-1 type I-like motifs (ADAMTS-1 CTF , amino acids 842-951; Figure 1A #4 ). The molecular size of ADAMTS-1 CTF was similar to that of the shortest COOH-terminal cleavage fragment of v5-tagged ADAMTS-1 (Figure 1Ea ). This result suggests that, in addition to the previous identified cleavage site within the spacer region (Rodriguez-Manzaneque et al., 2000; Figure 1A , larger arrow), there is at least one additional cleavage site at the junction between the spacer region and the second TSP-1 motif ( Figure 1A , the smaller arrow).
In order to identify the NH 2 -terminal cleavage fragment of ADAMTS-1, we have generated a polyclonal rabbit antibody against an NH 2 -terminal peptide of mouse ADAMTS-1 according to Russell et al. (2003) . Western blotting with this antibody showed that the endogenous ADAMTS-1 expressed by TA3 wt cells is cleaved to release an NH 2 -terminal cleavage fragment (Figure 1Eb , arrowhead).
We found that it was difficult to express the NH 2 -terminal fragments of ADAMTS-1 containing various parts of the spacer and/or Cys-rich domains (data not shown). Therefore, we used two ADAMTS-1 fragments, ADAMTS-1 NTF and ADAMTS-1 CTF , to mimic the NH 2 -and COOH-terminal cleavage fragments of ADAMTS-1 (ADAMTS-1 NTCF and ADAMTS-1 CTCF ), respectively. ADAMTS-1 NTF contains the NH 2 -terminal domains of ADAMTS-1 through the end of the first TSP-1 motif (amino acids 1-596) and ADAMTS-1 CTF contains the last two TSP-1 motifs (amino acids 842-951). Another ADAMTS-1 fragment (ADAMTS-1 minusTSP-1 ), which contains the NH 2 -terminal ADAMTS-1 domains through the end of the disintegrin domain and has no TSP-1 motifs (amino acids 1-545; Figure 1A and Fa), was used to investigate the role of the TSP-1 motif in tumor metastasis.
In order to reliably assess the effects of full-length ADAMTS-1, ADAMTS-1E/Q, and the ADAMTS-1 fragments on tumor metastasis, we first eliminated heterogeneity in the TA3 cells by transfecting them with the empty expression vector containing a neomycinresistance gene. A clonal TA3 cell (TA3 wt1 ) that underwent pulmonary metastasis after intravenous (i.v.) injection was selected. Our reverse transcriptasepolymerase chain reaction (RT-PCR) and Western blot results showed, that like their parental cells, the selected cells expressed ADAMTS-1 endogenously (Figure 1Fc ). We then transfected these TA3 wt1 cells with the expression constructs containing the blasticidin-resistance gene and different ADAMTS-1 cDNA inserts ( Figure 1A ). Five independent clonal TA3 transfectants containing the empty expression vector alone (TA3 wtb ) or expressing an intermediate-to-high level of the transfected gene products were identified (data not shown) and used as the pooled populations ( Figure  1Fa and b) in our pulmonary metastasis experiments. We found that after removal of the exogenous v5-tagged ADAMTS-1 variants with the anti-v5-antibody affinity columns, these pooled TA3 transfectants expressed a similar level of endogenous ADAMTS-1 (Figure 1Fc ). These transfectants displayed similar morphology and growth rates under the cell culture conditions (data not shown).
Our results showed that overexpression of ADAMTS-1 but not ADAMTS-1 minusTSP-1 significantly accelerated pulmonary metastasis of TA3 transfectants and shortened the survival time of the experimental mice ( Figure  2A -C). In contrast, overexpression of ADAMTS-1 NTF , ADAMTS-1 CTF , and ADAMTS-1E/Q, but not ADAMTS-1 minusTSP-1 , inhibited the pulmonary metastasis of TA3 transfectants (Figure 2A -C), suggesting that the prometastatic activity of ADAMTS-1 is dependent on the metalloproteinase activity. Theses results also indicated that the inhibitory effect of ADAMTS-1 NTF and ADAMTS-1 CTF requires the TSP-1 motifs, which are present in ADAMTS-1 NTF and ADAMTS-1 CTF but not in ADAMTS-1 minusTSP-1 , and that the antitumor activity derived from the TSP-1 motifs is likely masked in full-length ADAMTS-1.
The metastatic tumors derived from TA3 wtb , TA3 A-DAMTS-1 , and TA3 ADAMTS-1minusTSP-1 cells were invasive and tended to fuse together ( Figure 2A , Da, and b, and data not shown), making it impossible to counter the metastatic lesions with any degree of accuracy. Thus, the metastatic burden of the experimental mice was quantified by determining the average weight of the mouse lungs ( Figure 2C ). As there was a significant difference between the survival time of the experimental and control mice and the mice usually succumbed to pulmonary metastasis when the metastatic burden increased the lung weight to B1 g, we measured the metastatic burden of the remaining surviving mice at days 12 and 20 after i.v. injection of TA3 transfectants. In all, 12 experimental mouse lungs were weighted for each type of the transfectants at each time point. Our results showed that overexpression of ADAMTS-1 shortened both the time that is required to reach the maximal metastatic burden and the survival time of the mice, whereas overexpression of ADAMTS-1 NTF or ADAMTS-1 CTF and to a lesser extent of ADAMTS-1E/Q inhibited pulmonary metastasis of TA3 cells and rendered many of the experimental mice free of metastatic disease (Figure 2A-C) .
Histological analysis of the lung sections from the experimental mice showed that TA3 wtb , TA3 ADAMTS-1 , and TA3 ADAMTS-1minusTSP-1 cells were invasive, with the tumor cells occupying most of the pulmonary space (Figure 2Da and b, and data not shown). In contrast, only micrometastases were detected in the lungs receiving TA3 ADAMTS-1NTF , TA3 ADAMTS-1CTF , or TA3 A-DAMTS-1E/Q cells (Figure 2Dc and d, arrows; data not shown). To assess whether endogenous and exogenous ADAMTS-1 expressed by TA3 transfectants are cleaved in vivo, the pulmonary tumors derived from TA3 wtb and TA3 ADAMTS-1 cells were lysed, and the proteins were analysed by Western blotting with anti-N-ADAMTS-1 polyclonal antibody, which recognizes the NH 2 -terminus of mouse ADAMTS-1 (Figure 1Eb ). Our result indicated that endogenous and exogenous ADAMTS-1 were predominantly maintained in full-length form in vivo and no significant NH 2 -terminal cleavage fragments were detected ( Figure 2E ). This result suggests that ADAMTS-1 is maintained in the full-length form in the metastases derived from TA3 ADAMTS-1 cells to exert prometastatic activity and the proteolytic cleavage status of ADAMTS-1 determines its effect (stimulatory or inhibitory) on tumor metastasis.
We then used a subline of LLC that is capable of spontaneous pulmonary metastasis after removal of the primary subcutaneous tumors (Xu et al., 2004a) to confirm the effects of full-length ADAMTS-1, Figure 2 Full-length ADAMTS-1 promotes pulmonary metastasis, whereas ADAMTS-1E/Q and ADAMTS-1 NTF /ADAMTS-1 CTF inhibit metastasis. (A) Representative mouse lungs 2-3 weeks after i.v. injection of the following cells: TA3 wtb (a-c) or TA3 ADAMTS-ADAMTS-1E/Q, and the ADAMTS-1 fragments on tumor metastasis and subcutaneous tumor growth, comparing these effects to those obtained with thrombospondin-1 (Tsp-1) and thrombospondin-2 (Tsp-2). For this purpose, we established LLC transfectants containing empty expression vectors (LLC wtb ) or expressing v5-epitope-tagged full-length ADAMTS-1, ADAMTS-1E/Q, ADAMTS-1 NTF , ADAMTS-1 CTF , Tsp-1, or Tsp-2 (Figure 3Aa ). ADAMTS-1, Tsp-1, and Tsp-2 are members of thrombospondin type I repeat superfamily (TRS; Tucker, 2004) . Tsp-1 is a 450-kilodalton (kDa) homotrimeric ECM protein and is considered as a potent antitumor molecule. Systemic injection or overexpression of Tsp-1 inhibits the in vivo growth of several tumor cells, including LLC cells (Volpert et al., 1998; Streit et al., 2000; Miao et al., 2001) . Five independent clonal LLC transfectants expressing an intermediate-to-high level of each transfected gene product were identified and used as pooled populations (Figure 3Aa ) in subcutaneous tumor growth and spontaneous pulmonary metastasis experiments following established protocols (Xu et al., 2004a) . After removal of the exogenous v5-tagged ADAMTS-1 variants with the anti-v5-antibody affinity columns, these pooled LLC transfectants were found to express similar levels of endogenous ADAMTS-1 (Figure 3Ab and c).
We found that expression of full-length ADAMTS-1 promoted subcutaneous tumor growth and spontaneous pulmonary metastasis of LLC transfectants; in contrast, ADAMTS-1 NTF , ADAMTS-1 CTF , or to a lesser extent ADAMTS-1E/Q had inhibitory effects ( Figure 3B-E) . Even though LLC transfectants expressed higher levels of Tsp-1 and Tsp-2 than the levels of ADAMTS-1 NTF or ADAMTS-1 CTF , the inhibitory effect of these ADAMTS-1 fragments was greater than that of Tsp-1 or Tsp-2 ( Figure 3B-E) .
ADAMTS-1 NTF /ADAMTS-1 CTF and ADAMTS-1E/Q inhibit pulmonary tumor metastasis by inhibiting proliferation and survival of the tumor cells and by repressing tumor angiogenesis To determine the mechanism underlying the prometastatic effect of full-length ADAMTS-1 and the antimetastatic effect of ADAMTS-1 NTF /ADAMTS-1 CTF and ADAMTS-1E/Q, we analysed the rates of proliferation and apoptosis of TA3 transfectants and examined their effect on tumor angiogenesis in vivo. We observed that expression of ADAMTS-1 NTF , ADAMTS-1 CTF , or ADAMTS-1E/Q, but not of ADAMTS-1 minusTSP-1 , inhibited tumor cell proliferation, promoted apoptosis of the tumor cells, and inhibited tumor angiogenesis. However, increased expression of full-length ADAMTS-1, supplementing the effect of endogenous ADAMTS-1, had a weakly positive effect on tumor cell proliferation and an inhibitory effect on tumor cell apoptosis and also promoted tumor angiogenesis ( Figure 4B ).
ADAMTS-1 promotes activation of EGFR and ErbB-2 and shedding of AR and HB-EGF transmembrane precursors Activation of EGFR and ErbB-2 is known to promote proliferation and survival of breast carcinoma cells and is essential for the progression of breast cancers (Stern, 2000; Yarden and Sliwkowski, 2001 ). ErbB-2 has no known direct ligands; however, it is activated by forming heterodimers with other ErbB receptors (Burgess et al., 2003) . To determine whether ADAMTS-1 promotes the activation of EGFR and/or ErbB-2 in vivo, we assessed the activity of EGFR and ErbB-2 in the lungs of mice that had received i.v. 24 h earlier with the following cells: TA3 wtb , TA3 ADAMTS-1 , TA3 ADAMTS-1NTF , TA3 A-DAMTS-1CTF , or TA3 ADAMTS-1E/Q . We have previously shown that extravasation of TA3 cells into the lung parenchyma occurs less than 24 h after i.v. injection (Yu et al., 1997) . In order to normalize the number of TA3 transfectants to be included in the protein lysates used in the immunoprecipitation experiments, we first performed a tumor cells tracking assay to analyse extravasation of various TA3 transfectants into mouse lung parenchyma at 24 h after i.v. injection. Our results indicated that ADAMTS-1 promoted TA3 cell extravasation, whereas ADAMTS-1E/Q and to a lesser extent ADAMTS-1 NTF / ADAMTS-1 CTF inhibited the process ( Figure 5A and B) .
Normal mouse lungs and the lungs from the experimental mice that had been injected with TA3 transfectants i.v. 24 h earlier were lysed and used in immunoprecipitation experiments to pull down EGFR or ErbB-2. Antiphosphotyrosine antibody was used to detect phosphor-EGFR or phosphor-ErbB-2 in the precipitates. These experiments demonstrated that overexpression of ADAMTS-1 promotes activation of EGFR and ErbB-2 ( Figure 5C ), whereas expression of ADAMTS-1 NTF , ADAMTS-1 CTF , or ADAMTS-1E/Q inhibited their activation ( Figure 5C ).
TA3 cells express several GFs belonging to the EGF family, including HB-EGF, AR, and epigen (data not shown). We next investigated the possibility that the increased activation of EGFR and ErbB-2 induced by ADAMTS-1 is achieved through shedding/activating the transmembrane precursors of these GFs, the ligands of ErbB receptor tyrosine kinases. The EGF family GFs include EGF, transforming growth factor-a (TGF-a), HB-EGF, AR, betacellulin, epiregulin, neuregulin, and epigen (Massague´and Pandiella, 1993; Harris et al., 2003) ; all of these are shed from the cell surface (Peschon et al., 1998; Lee et al., 2003; Sahin et al., 2004) . Increasing evidence suggests that shedding of EGF family GF precursors regulates the availability and bioactivity of these factors and is essential for the activation of the ErbB-signaling pathways Jackson et al., 2003; Lee et al., 2003; Yamazaki et al., 2003) . Members of the ADAM family, particularly ADAM17, have been shown to play an essential but not sole role in the shedding of these factors (Merlos-Suarez et al., 2001; Sahin et al., 2004) .
Like HB-EGF and AR, ADAMTS-1 is known to bind to HSPGs. Thus, we focused our attention on determining whether ADAMTS-1 plays a role in the constitutive shedding of these two precursors. To achieve this, we cotransfected 293 cells with AR/HB-EGF/epigen or TGF-a precursors that had been tagged with a v5 epitope at the COOH-terminal end, with empty expression vector, or with the expression constructs containing full-length ADAMTS-1, ADAMTS-1E/Q, or the ADAMTS-1 fragments. Serum-free cell culture supernatants derived from the cotransfected cells were collected, concentrated, and analysed ( Figure 5D ). The transfected 293 cells were lysed, and equal amounts of the proteins were analysed by Western blotting with anti-v5 antibody, which detects the fully glycosylated full-length EGF family precursors ( Figure 5E , arrow), the smaller immature precursors ( Figure 5E, arrowheads) , and the COOH-terminal cleavage fragments ( Figure 5E , longer arrows). 293 cells express ADAMTS-1 endogenously (data not shown). We found that overexpression of ADAMTS-1 promoted shedding of the precursors of AR and HB-EGF but not of epigen and TGF-a ( Figure  5D and E), whereas overexpression of ADAMTS-1E/Q inhibited the shedding, most likely in a dominant-negative fashion, by inhibiting the activity of endogenous ADAMTS-1. The ADAMTS-1 fragments had no significant effect on the shedding (Figure 5D and E).
It is generally accepted that endogenous soluble EGF family ligands are not reliably detectable (Lee et al., 2003) , perhaps because these soluble/active ligands are immediately used by adjacent cells in vivo. Thus, most of the shedding experiments have been carried out in cell cultures using embryonic fibroblasts from ADAMknockout mice or 293/Cos-7/CHO cells overexpressing the tagged precursors (Merlos-Suarez et al., 2001; Gschwind et al., 2003; Lee et al., 2003; Sahin et al., 2004) . Our results obtained using 293 cells overexpressing tagged HB-EGF/AR and different variants of ADAMTS-1 suggest that ADAMTS-1 promotes shedding/activation of HB-EGF and AR precursors in vitro, and the results demonstrating the enhanced EGFR/ ErbB-2 activation by ADAMTS-1 in vivo ( Figure 5C ) provide indirect support evidence for this possibility.
ADAMTS-1 promotes invasion of TA3 cells through Matrigel
Pericellular proteolysis by MMPs is essential for tumor cell invasion Stamenkovic, 1999, 2000; Sternlicht and Werb, 2001) , and ADAMTS-1 has been shown to play an important role in degrading versican (Sandy et al., 2001) , an important component of the ECM and blood vessel wall. We have now shown that ADAMTS-1 promotes extravasation of TA3 cells into the lung parenchyma ( Figure 5A and B) . To determine whether this effect is achieved through the promotion of tumor cell invasion through the ECM, we investigated how full-length ADAMTS-1, ADAMTS-1E/Q, and the fragments of ADAMTS-1 affect the invasion of TA3 cells through Matrigel, which mimics the basement membrane as a barrier to tumor cell invasion. TA3 A-DAMTS-1 displayed two-and four-fold higher invasion indices than did TA3 wt1 /TA3 ADAMTS-1minusTSP-1 cells . Concentrated serum-free cell culture supernatants derived from these cells were analysed by Western blotting using anti-v5 antibody to detect the expression level of the transfected gene products (Da), and anti-HB-EGF (Db), -AR (Dc), or -epigen (Dd) antibody to detect soluble AR, HB-EGF, or epigen. These cotransfected 293 cells were then lysed and equal amounts of proteins were analysed by Western blotting with anti-v5 antibody to detect the fully glycosylated HB-EFG (Ea, arrow), AR (Eb, arrow), or TGFa (Ec, arrow) precursors, the smaller immature glycoprotein of these precursors (E, arrowheads), or the COOHterminal cleavage fragments (E, longer arrows).
Antitumor activity of the ADAMTS-1 fragments Y-J Liu et al and TA3 ADAMTS-1NTF /TA3 ADAMTS-1CTF /TA3 ADAMTS-1E/Q cells, respectively ( Figure 6 ). This result confirms that ADAMTS-1 promotes tumor cell invasion, while ADAMTS-1E/Q and, to a lesser extent, ADAMTS-1 NTF , or ADAMTS-1 CTF inhibits the process.
ADAMTS-1 NTF and ADAMTS-1 CTF inhibit activation of Erk1/2 kinases induced by soluble HB-EGF and AR Since ADAMTS-1 NTF and ADAMTS-1 CTF had no significant inhibitory effect on the shedding of AR and HB-EGF precursors ( Figure 5D and E), we investigated the possibility that instead of inhibiting the availability of soluble HB-EGF and AR (shedding), they affect the activity of these soluble factors. We assessed the effect of the ADAMTS-1 fragments on activation of Erk1/2 kinases induced by soluble HB-EGF and AR. In these experiments, soluble AR, HB-EGF, or bFGF was added to serum-starved MCF-10A mammary epithelial cells in the presence and absence of purified ADAMTS-1 NTF , ADAMTS-1 CTF , ADAMTS-1E/Q, or full-length ADAMTS-1. Our result indicated that ADAMTS-1 NTF and ADAMTS-1 CTF , but not fulllength ADAMTS-1 or ADAMTS-1E/Q, inhibited Erk1/2 kinase activation induced by soluble AR and HB-EGF, but not by bFGF (Figure 7) . ADAMTS-1 NTF contains a middle TSP-1 motif (ADAMTS-1-m TSP-1; Figure 8 ) that is very similar (but not identical) to the second and third TSP-1 repeats (WXXWXXW; Figure 8 ) in Tsp-1, which exhibit antitumor and antiangiogenic activity (Tolsma et al., 1993; Iruela-Arispe et al., 1999; Adams, 2001; Yee et al., 2004) . On the other hand, ADAMTS-1 CTF contains two COOH-terminal TSP-1 modules (ADAMTS-1-cTSP-1-1 and ADAMTS-1-cTSP-1-2; Figure 8 ) that have a lower degree of homology to the TSP-1 repeats in Tsp-1. Even though the concentration of ADAMTS-1 NTF used in these experiments in Figure 7 was lower than that of ADAMTS-1 CTF , similar inhibitory effects were obtained, suggesting that the typical m TSP-1 motif in ADAMTS-1 NTF has a more potent inhibitory effect than do the atypical TSP-1 motifs in ADAMTS-1 CTF .
To determine the molecular mechanism underlying the antiangiogenic activity of ADAMTS-1 NTF and ADAMTS-1 CTF , we investigated how these fragments affect the bioactivities of several important angiogenic factors in endothelial cells. In the presence or absence of purified ADAMTS-1 or the ADAMTS-1 fragments, we assessed the bioactivities of VEGF 165 , bFGF, HB-EGF, and AR by determining their ability to induce activation of Erk1/2 kinases, the downstream factors of their ADAMTS-1 NTF and ADAMTS-1 CTF inhibit activation of Erk1/2 kinases induced by soluble AR and HB-EGF. Soluble AR (5 ng/ml), HB-EGF (4 ng/ml), or bFGF (15 ng/ml) was applied to serum-starved MCF-10A cells for 25 min in the absence (lanes 3 and 4) or presence of 400 ng of purified full-length ADAMTS-1 (lanes 5 and 6), ADAMTS-1E/Q (lanes 7 and 8), ADAMTS-1 NTF (lanes 9 and 10), or ADAMTS-1 CTF (lanes 11 and 12) . Serum-free medium alone was applied to cells in lanes 1 and 2. The cells were lysed and equal amounts of protein were analysed by Western blotting with anti-phospho-Erk1/2 antibody to detect phosphorErk1/2 (upper panels, a-c) or with anti-Erk antibody to detect the total amount of Erk1/2 (bottom panels, a-c).
corresponding receptors (VEGFR, FGFR, and ErbB). In these experiments, ADAMTS-1 NTF and ADAMTS-1 CTF , but not full-length ADAMTS-1 or ADAMTS-1 minusTSP-1 , inhibited the activation of Erk1/2 kinases in human umbilical vein endothelial cells (HUVECs) induced by VEGF 165 , soluble HB-EGF, and soluble AR, but not by bFGF (data not shown). These results suggest that ADAMTS-1 NTF and ADAMTS-1 CTF inhibit tumor angiogenesis by inhibiting the activities of several soluble heparin-binding factors that are essential for endothelial cell proliferation and survival.
Discussion
In the present study, we have demonstrated that ADAMTS-1 undergoes auto-proteolytic cleavage and that full-length ADAMTS-1 and the ADAMTS-1 fragments, ADAMTS-1 NTF and ADAMTS-1 CTF , display pro-and antitumor activity, respectively. We have also shown that the metalloproteinase activity of ADAMTS-1 is required for its protumor activity. In addition, we have demonstrated that the antitumor activity of the ADAMTS-1 fragments requires the TSP-1 motif, which is likely masked in the full-length molecule. Our results imply that the inhibitory effects of ADAMTS-1 NTF and ADAMTS-1 CTF on the bioactivity of soluble HB-EGF and AR contributes to their antitumor activity; in contrast, ADAMTS-1E/Q likely acts in a dominant-negative manner by inhibiting the shedding of HB-EGF and AR precursors and thus the availability of soluble HB-EGF and AR. Furthermore, we have shown that auto-proteolytic cleavage of ADAMTS-1 can be inhibited by HS, suggesting that the level of HSPGs in the microenvironment likely regulates which form of ADAMTS-1 (full-length or cleaved) is available in the microenvironment to exert its pro-or antitumor activity, respectively.
The antitumor activity displayed by the ADAMTS-1 fragments is likely masked in the full-length molecule We have established that full-length ADAMTS-1 displays protumor activity and is therefore a potential attractive target for cancer therapy; conversely, the fragments of ADAMTS-1, ADAMTS-1 NTF , and ADAMTS-1 CTF display potent antitumor activity and have potentials as anticancer agents. These results are consistent with recent studies in cancer research that have demonstrated the pro-and antitumor activity, respectively, of particular intact proteins and their proteolytic fragments (O'Reilly et al., 1999; Pfeifer et al., 2000; Yi and Ruoslahti, 2001; Maeshima et al., 2002) . How can auto-proteolytic cleavage convert a protumor factor into an antitumor agent? We have shown that an NH 2 -terminal fragment of ADAMTS-1 (ADAMTS-1 minusTSP-1 ) that does not contain any TSP-1 motifs also has no antitumor activity, suggesting that the antitumor activity of ADAMTS-1 NTF and ADAMTS-1 CTF resides in the TSP-1 motif. Even though full-length ADAMTS-1 contains all three TSP-1 motifs, it displays protumor activity, suggesting that the antitumor activity in the TSP-1 motif is masked in the full-length molecule. Auto-proteolytic cleavage of ADAMTS-1 within the spacer/Cys-rich region likely destroys the substrate-binding domain(s) and renders the NH 2 -terminal cleavage fragments that contain the metalloproteinase domain incapable of binding to and causing the shedding of AR and HB-EGF precursors. This cleavage probably releases the cryptic antitumor activity in the TSP-1 motifs as well (Figure 9 ).
ADAMTS-1 may mediate the shedding of heparin-binding EGF family GFs
Although the functional differences between mature soluble EGF family GFs and their transmembrane precursors have not been well-established, the phenotypic similarities between TGF-a-and ADAM17-null mice and between HB-EGF-null and HB-EGF cleavageresistant mice clearly suggest that shedding of these precursors is essential to the availability and activity of these GFs (Peschon et al., 1998; Iwamoto et al., 2003; Yamazaki et al., 2003) . Several members of ADAM family, including ADAM 9, 10, 12, and 17, have been implicated in the shedding of HB-EGF and AR precursors (Black et al., 1997; Blobel, 2000; Herren 2002; Sunnarborg et al., 2002; Gschwind et al., 2003; Lee et al., 2003) . Studies using cells from ADAM 9-, 10-, 12-, 15-, and/or 17-null mice have shown that ADAM 17 is the major but not only sheddase for the EGF family GF precursors, suggesting that other member(s) of ADAM and/or ADAMTS family likely play(s) a role as well, especially in the non-12-O-tetradecanoyl-phorbol-13-acetate (TPA)-induced, constitutive shedding of the transmembrane precursors of these factors (MerlosSuarez et al., 2001; Sahin et al., 2004) .
Even though it is well established that activation of EGFR and ErbB-2 promotes carcinoma formation and progression, it is largely unknown how ligands of these Figure 8 The multiple amino-acid sequence alignment of the second and third TSP-1 repeats of Tsp-1 and the middle and the COOHterminal TSP-1 motifs of ADAMTS-1. ADAMTS-1 NTF contains a middle TSP-1 motif (ADAMTS-1 Àm TSP-1), whereas ADAMTS-1 CTF contains two COOH-terminal TSP-1 modules (ADAMTS-1-cTSP-1-1 and ADAMTS-1-cTSP-1-2).
receptors contribute to the processes. AR and HB-EGF are upregulated in breast (LeJeune et al., 1993; Normanno et al., 1995; Salomon et al., 1995; Panico et al., 1996; Visscher et al., 1997) , prostate (Bostwick et al., 2004) , and gastric cancers (Cook et al., 1992; Kitadai et al., 1993; Ebert et al., 1994; Normanno et al., 1995) and keratinocytic tumors (Billings et al., 2003) . Shedding of HB-EGF is a critical step in tumor formation (Miyamoto et al., 2004) , and overexpression of AR promotes growth of keratinocytic tumors (Billings et al., 2003) .
Like HB-EGF and AR, ADAMTS-1 binds to HS through its spacer region and the TSP-1 motifs (Kuno and Matsushima, 1998) . HS/HSPG likely brings the metalloproteinase domain of ADAMTS-1 close to the HSPG-bound factors, making ADAMTS-1 an ideal sheddase for these HSPG-bound factors. The activities of ADAMs are regulated through their cytoplasmic tails through intracellular signaling pathways that include the activation of protein kinase C (PKC; Blobel, 2000; Herren, 2002) . It is conceivable that ADAM 17 plays an essential role in the TPA-stimulated shedding of AR and HB-EGF precursors (Sahin et al., 2004) , whereas ADAMTS-1 plays an important role in the constitutive, non-PKC-dependent shedding of AR and HB-EGF precursors. Furthermore, it is highly likely that the soluble AR and HB-EGF shed by ADAMTS-1 promote tumor cell survival and proliferation and tumor angiogenesis in vivo. Additional studies are required to confirm this hypothesis and to determine whether ADAMTS-1 directly promotes the shedding in vivo. We have also shown that full-length ADAMTS-1, but not ADAMTS-1 NTF , promotes shedding of AR and HB-EGF, suggesting that the intact spacer/Cys-rich domain is required for the shedding and that this domain likely contains the substrate recognition/binding site(s), which is(are) destroyed by auto-proteolytic cleavage within the region.
We have shown that ADAMTS-1E/Q, but not ADAMTS-1 NTF /ADAMTS-1 CTF , inhibits the shedding of HB-EGF and AR precursors ( Figure 5D-E) , whereas ADAMTS-1 NTF and ADAMTS-1 CTF , but not ADAMTS-1E/Q, inhibit the activation of Erk1/2 kinase induced by soluble AR and HB-EGF (Figure 7) . These results suggest that these two functional domains of ADAMTS-1, the spacer/Cys-rich domain and TSP-1 motifs, are involved in regulating the availability and activity of soluble HB-EGF and AR, respectively. A Figure 9 Model showing the potential mechanisms underlying the opposite effects of ADAMTS-1 and the ADAMTS-1 fragments on tumor metastasis. We propose that full-length ADAMTS-1 promotes tumor metastasis by stimulating tumor cell proliferation/ survival/invasion and tumor angiogenesis through shedding/activation of the HSPG-bound factors, including HB-EGF and AR transmembrane precursors. We further postulate that this process requires the metalloproteinase activity of ADAMTS-1, and that fulllength ADAMTS-1 binds to its substrates through its spacer/Cys-rich domain. In addition, we propose that the antitumor activity in the ADAMTS-1 fragments, ADAMTS-1 NTF and ADAMTS -1 CTF , resides in the TSP-1 domains, which exert the antitumor activity by inhibiting the bioactivity of several soluble heparin-binding growth/angiogenic factors, including AR, HB-EGF, and VEGF. recent study has shown that ADAMTS-1 inhibits VEGF activity by blocking the interaction between VEGF and its receptor . Additional study is required to determine whether ADAMTS-1 NTF and ADAMTS-1 CTF inhibits the bioactivity of soluble HB-EGF and AR by sequestering these soluble factors through the unmasked TSP-1 motifs by directly binding to these factors or by indirectly forming the complexes with these factors through HS (Figure 9 ).
The function of ADAMTS-1 is regulated by HS/HSPGs
We have shown that heparin/HS inhibits the proteolytic cleavage of ADAMTS-1, and that full-length ADAMTS-1 and the ADAMTS-1 fragments (ADAMTS-1 NTF and ADAMTS-1 CTF ) have opposite effects on tumor metastasis, indicating that the effect of ADAMTS-1 on tumor metastasis depends on its cleavage status (described in the model in Figure 9 ). In a microenvironment that is highly enriched in HS/HSPGs, ADAMTS-1 binds to HSPGs through its spacer/Cys-rich region, thereby protecting this region from proteolytic cleavage and preserving ADAMTS-1 in full-length form, allowing it to bind and cleave its substrates, including AR and HB-EGF precursors. In this situation, full-length ADAMTS-1 exerts its protumor activity by releasing/ activating proproliferation/survival and -angiogenic factors and by promoting tumor cell invasion, and the antitumor activity residing in the TSP-1 motifs is likely masked. In contrast, in a microenvironment lacking HS/ HSPGs, ADAMTS-1 is cleaved within the spacer/Cysrich region, generating the cleavage fragments that have lost the substrate (AR and HB-EGF)-binding sites and contain unmasked antitumor TSP-1 motifs (Figure 9 ).
Materials and methods

Cell lines and reagents
HUVECs were obtained from Cambrex (Walkersville, MD, USA). TA3 and LLC transfectants were established and maintained as described (Xu and Yu, 2003; Xu et al., 2004a) . Anti-v5 epitope (Invitrogen), -von Willebrand factor (vWF) (Dako), -phosphorylated tyrosine (BD Transduction Lab), -EGFR, -ErbB-2, -Erk1/2, and -phospho-Erk1/2 (Santa Cruz) antibodies, the 5-bromo-2 0 -deoxy-uridine (BrdU)-cell proliferation kit (Roche), Apoptag kit (Chemicon), and heparin and HS (Sigma) were used in the experiments. A rabbit polyclonal antibody recognizing an NH 2 -terminal peptide ( 317 CNWQKQHNSPSDR DPEHYD 335 according to Russell et al., 2003) of mouse ADAMTS-1 was generated to detect endogenous ADAMTS-1.
RT-PCR, mutagenesis, and preparation of expression constructs Full-length mouse ADAMTS-1 was obtained by RT-PCR using a pair of primers consisting of 24 nucleotides of the 3 0 and 5 0 extremities of the coding sequence of ADAMTS-1 (accession number NM_009621). The stop codon was omitted from the reverse primers to allow us to fuse ADAMTS-1 to the COOH-terminal v5 epitope tag existing in the expression vector (pEF6/v5-HisTOPO, Invitrogen). The various mutations and deletions of ADAMTS-1 were generated as detailed in Figure 1A using the QuikChange TM and ExSite PCR-based site-directed mutagenesis kits (Stratagene).
Transfection Lipofectamine (Invitrogen) was used to transfect TA3 and LLC cells with the empty expression vector or the expression constructs containing cDNA inserts encoding ADAMTS-1, ADAMTS-1E/Q, or various fragments of ADAMTS-1 ( Figure 1A ). TA3 and LLC transfectants were selected on the basis of their resistance to blasticidin (Invitrogen). Expression of v5-epitope-tagged full-length ADAMTS-1, ADAMTS-1E/Q, and the ADAMTS-1 fragments was determined by Western blotting with anti-v5 antibody (Invitrogen).
ADAMTS-1 production and purification, proteolytic cleavage assay, and Western blot analysis The cell culture supernatants derived from Cos-7 and TA3 transfectants expressing v5-epitope-tagged ADAMTS-1, ADAMTS-1E/Q, or various ADAMTS-1 fragments ( Figure 1A ) were collected and purified through Ni þ -Probond (Invitrogen) and anti-v5 antibody-conjugated affinity columns (Sigma) as described (Xu et al., 2004b) . The autoproteolytic cleavage capacity of ADAMTS-1 was assessed by in vitro proteolytic cleavage assays using purified ADAMTS-1. In this assay, 100 ng of ADAMTS-1 was incubated in 50 mM Tris-acetate buffer (pH 7.3) containing 5 mM CaCl 2 and 0.1 M NaCl at 371C for 30 min, or 1, 2, 4, 8, or 12 h. The reactions were stopped by the addition of 8 Â SDS sample buffer, and the reaction products were analysed by Western blotting with antiv5 mAb.
To assess ADAMTS-1 cleavage in the cellular context and determine how the cleavage is regulated, Cos-7 and TA3 transfectants expressing ADAMTS-1 or ADAMTS-1E/Q were cultured for 48 h in the absence or presence of various reagents as detailed in Figure 1 , and the cell culture supernatants were collected and analysed by Western blotting with anti-v5 antibody.
Tumor cell tracking, subcutaneous tumor growth, and pulmonary metastasis experiments To examine the pulmonary extravasation of TA3 transfectants, cells were labeled with green 5-chloromethyl-fluorescein diacetate (CMFDA, Molecular Probes, Inc.) as described (Yu et al., 1997) , and injected intravenously into A/Jax syngenic mice at 1 Â 10 6 cells/mouse (the Jackson Lab). The mice were killed 24 h after the injection, and their lungs were removed, fixed, and sectioned. The localization of tumor cells inside the lung parenchyma was revealed by fluorescence microscopy, and the extent of tumor cell extravasation was determined by counting the number of tumor cells residing in the lung parenchyma in five randomly selected Â 100 microscopic fields. Experimental (TA3) and spontaneous (LLC) pulmonary metastasis was carried out as detailed previously (Yu et al., 1997; Xu et al., 2004a) . Pooled populations of TA3 or LLC transfectants that express an intermediate-to-high level of ADAMTS-1, ADAMTS-1E/Q, ADAMTS-1 CTF , ADAMTS-1 NTF , ADAMTS-1 minusTSP-1 , Tsp-1, or Tsp-2, or containing the empty expression vector, were used in these experiments. In all, 15 or 30 mice were injected intravenously (TA3) or subcutaneously (LLC) with each type of the transfectants.
In the spontaneous pulmonary metastasis experiments, the pooled LLC transfectants were injected subcutaneously into C57BL/6 mice following an established protocol (Xu et al., 2004a) . When the subcutaneous tumors became easily visible, the longest and shortest diameters of the solid tumors were measured with a caliper in every third day for the next 3 weeks. The tumor volume, expressed as the mean7s.d., was calculated by using the following formula: tumor volume ¼ 1/2 Â (shortest diameter) 2 Â longest diameter (mm 3 ; Hamid
